Abstract--The sorption properties of Co, Cu, Ni, and Ca were studied in a mixed mineral suspension of synthetic MnO2 and Wyoming montmofillonite. The distribution of the sorbed cations between the two solid phases was measured by indirect chemical fractionation with acidified NH2OH-HC1 and by direct X-ray spectroscopic analysis of mineral particles using electron microscopy. Electron microscope and NH2OH-HC1 measurements of the quantity of Co sorbed on MnO2 agreed within 6%. Seventy-seven, 67, and 69% of the total Co, Cu, and Ni sorbed by the mixed mineral suspension was found on the manganese oxide. The opposite distribution was found for sorbed Ca with 28% on the manganese oxide and 72% on the montmorillonite particles. The observed differences in metal sorption by these minerals are related to the cation-sorption mechanisms of manganese oxide and montmorillonite.
INTRODUCTION
The solubility of many transition metal ions in soils and sediments is thought to be controlled by sorption on hydrous manganese oxides (McKenzie, 1967; Crawford, 1973a, 1973b; McLaren et al., 1981) . These reactions occur in the presence of other minerals, thus manganese oxides must be able to compete with other mineral phases for transition metal sorption. Indirect evidence for such competition has been provided by selective chemical dissolution of transition metal amended soils and by statistical comparison of metal sorption by whole soils and sediments to that by model soil minerals and organic separates (McKenzie, 1967; Crawford, 1973a, 1973b; McLaren et al., 1981) . Whereas these studies provide some indication of the quantity of metal ions sorbed by the manganese oxides, they do not present direct evidence of competitive sorption reactions between manganese oxides and other soil minerals; thus, such reactions remain in the realm of conjecture. Direct evidence can only be obtained through the use of an analytical procedure which enables a chemical analysis of a mineral surface to be made. This condition is met in transmission electron microscope (TEM) X-ray spectrometry. Although this analytical technique has been used by several workers to study metal distributions in individual minerals there has been little application of it to the study of metal sorption by mixed mineral systems.
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Copyright 9 1985 The Clay Minerals Society ion sorption by a mixed system of synthetic manganese oxide and Wyoming montmorillonite are presented. This study was conducted to evaluate the applicability of the TEM analysis to mixed-mineral sorption experiments and to provide direct, conclusive evidence of metal ion sorption by manganese oxides in the presence of a competing sorbent mineral. A spectroscopic analysis of individual particles showed that Co, Cu, and Ni sorption in this assemblage occurred mainly on MnO2. Ca sorption was more evenly distributed between the two minerals.
MATERIALS AND METHODS

Mineral preparation
The manganese oxide used in this study was a synthetic birnessite prepared after MeKenzie (1971) by the addition of HC1 to hot KMnO4. Details of the oxide synthesis and characterization are presented elsewhere (Traina and Doner, 1985) .
Montmorillonite from Crook County, Wyoming (sample SWy-1 from the Source Clay Minerals Repository of The Clay Minerals Society) was saturated with Na + and rinsed with 0.01 M NaC1 to reduce the ionic strength to 0.01. The <0.5-gin fraction was removed by centrifugation, diluted with 0.01 M NaC1 to a suspension density of 0.01919 g clay/g of suspension, and saved for the metal sorption experiments.
Metal sorption
A stock manganese oxide suspension was prepared by dispersing 1.00 g of oxide in 200 ml of 0.02 M NaCI in a 250-ml polycarbonate bottle. The resulting mixture was allowed to hydrate for 24 hr prior to use.
Mixed mineral suspensions of clay and oxide were prepared by adding 1 ml of the birnessite suspension and 1 ml of the montmorillonite suspension to 37 ml ofpH 3.88, 0.02 M NaC1 in 50-ml polycarbonate centrifuge tubes. The metal sorption capacities for birnessite was determined in preliminary experiments with pure oxide suspensions at pH 4 in 0.02 M NaCI to be 3.72, 3.64, 2.22, and 1.95 meq/g for Co, Cu, Ni, and Ca sorption, respectively. The metal-sorption capacity for the rnontmorillonite was taken to be equal to its cation-exchange capacity of 0.92 meq/g (Sposito et al., 1981) . The ratio of oxide to smectite used for all sorption experiments in this study was based on the maximum Co-sorption capacity of birnessite. Thus, in the mixed mineral suspension the Co-sorption capacity of biruessite was equal to that of montmorillonite.
The suspension pH was 4.2 prior to metal ion addition. This low pH was chosen to minimize potential experimental complications resulting from the formation of metal-hydroxide species. Appropriate amounts of metal chlorides were added to give initial concentrations of 0 to 383 #M Co, 345 #M Ni, 390 #M Cu, and 113 and 300 #M Ca. The suspension was diluted to 40 ml with pH 3.88, 0.02 M NaC1, and the centrifuge tubes were capped and shaken at 25~ The samples were shaken for 7 days to conform to the experimental conditions of a previous study (Traina and Doner, 1985) , after which the suspension pH was measured. The samples were centrifuged at 12,060 RCF, the supernatant was decanted and filtered with Nucleopore, 0.2-#m membrane, and the filtrate was analyzed directly for the appropriate metal ions with flame atomic absorption spectrophotometry (AAS). The clayoxide pads were redispersed and washed in H20 until C1-ions could not be detected in the supernatant with AgNO3. Ten microliters of this suspension was placed onto Formvar-coated, gold support grids, allowed to air dry, and coated with carbon for stabilization. The remainder of the oxide-smectite mixture from the Co treatment was shaken for 30 rain with acidified NH2OH-HC1 after Chao (1972) to dissolve the birnessite selectively. The resulting solutions were analyzed directly for the appropriate metal ions by AAS.
Spectroscopic analysis of the mineral samples was made with a Jeol JEM-100 C-type transmission electron microscope. The X-ray detection system consisted of a United Technology-Microtrace, Li-drifted Si-detector and a Tracor Northern multichannel analyzer. The microscope was operated at an accelerating voltage of 100 kV. The differences in particle morphology and electron diffraction patterns allowed for easy distinction of the two minerals. Isolated, individual particles : were chosen for analysis to eliminate detection of X-rays generated by adjacent particles. X-ray analysis was accomplished by condensing the electron beam onto an individual particle and adjusting the beam shape with the stigmator controls to conform to the shape of partide. X-ray intensities for each particle were counted for a period of 2 rain, and the integrated peak heights for each element were recorded. Counts were taken for 12 oxide particles and 12 smectite particles for each metal treatment. The total metal sorbed was calculated from the difference in initial and final metal concentrations. The partitioning of a sorbed metal between birnessite and montmorillonite was based on the relationship:
where k is a proportionality factor determined from Co-, Cu-, and Ni-treated birnessites of known composition and standard phyllosilicate mineral samples kept in the Department of Geology and Geophysics, University of California, Berkeley, California; Iin is the measured average X-ray intensities of Mn in the oxide particles; CM, is the weight fraction of Mn in the oxide structure (0.63). IMo and CM~ are the average of the measured X-ray intensitities and the calculated weight fraction of the sorbed ion, respectively. The concentration of sorbed metal ions on the smectite was taken as the difference between the total amount sorbed by the entire mixed suspension and the amount present on the oxide as determined by TEM.
RESULTS
The sorption of Co, Cu, and Ni resulted in a decrease in suspension pH to 3.68 for the highest level of Co sorption, and 3.61 and 3.93 for Cu and Ni sorption, respectively. A change in pH was not observed during Ca sorption. Co, Cu, Ni, and Ca sorption all resulted in visible flocculation of the smectite particles.
Average intensity ratios and coefficients of variation for each metal treatment are given in Table 1 . An increase in the initial concentrations of sorbate ions resuited in an increase in IM~ for the birnessite particles and an increase in the precision of the X-ray counting. The sorbate concentrations on the smectite particles were too low to allow accurate counting of energy dispersive X-rays, so the level of metal sorption by these particles was calculated from the difference in the metal sorbed by the entire suspension as determined by AAS and the amount of metal sorbed by the birnessite as determined by TEM. Figure 1 compares the TEM determination of Co sorption by birnessite (in the mixed mineral suspension) with the NHzOH-HC1 selective dissolution technique. The linear relationship between the two kinds of analysis suggested that the TEM technique could be used with confidence to partition metal sorption in this system. Cobalt sorption by the mixed suspension was dominated by metal sorption on birnessite. Figure 2 shows the solid phase distribution of the sorbed Co as determined by TEM. This metal was strongly partitioned onto the oxide. At low levels of metal application, Co was sorbed entirely by biruessite particles. Cobalt sorption by the montmorillonite was only observed when the initial sorbate concentration was equal to or greater than 155 #M. This value corresponded to an equilibrium Co concentration of 13.5 #M. At the highest level of Co application, 77% of the Co sorbed by the mixed suspension was on the oxide. At this level Co satisfied roughly 100% and 17% of the sorption capacities of the oxide and smectite, respectively. It should be noted that a small release of Mn to solution was observed during Co sorption, but this accounted for less than 0.1% of the Mn present in the oxide structure and thus was insignificant in calculating the amount of Co sorbed by the birnessite particles.
Cu and Ni were strongly partitioned onto the birnessite particles. The levels of metal sorption (1.82 and 1.11 mole/kg) corresponded to 100% of sorption capacity of birnessite and roughly 30 and 17% (0.16 and 0.09 mole/kg) of the sorption capacity of montmorillonite for the respective metal ions.
Ca was not as strongly sorbed by the mixed suspension as were the heavy metals (0.47 and 0.22 mole/kg for birnessite and montmorillonite, respectively). Although Ca was still partitioned onto the oxide particles, it filled a smaller portion of the oxide's sorption capacity. At an equilibrium concentration of 150 #M, 48% of the Ca sorption capacity ofbirnessite and 48% of the exchange capacity of the montmorillonite were satisfied by Ca ions.
DISCUSSION
The strong agreement between the TEM and the NHzOH-HC1 measurements of Co sorption by birnessite (Figure 1) indicates that both of these techniques could be used to measure metal-ion sorption by manganese oxides in mixed mineral systems. A distinct advantage, however, is obtained by using the TEM method. Unlike chemical extraction procedures, en- ergy dispersive X-ray analysis is a direct measurement and thus can provide a definite assessment of sorbedmetal distributions. The main constraint in the TEM technique is the need for relatively high sorbate surface concentrations to allow accurate X-ray detection. Although this condition was met for the oxide particles in this study, it was not achieved for the smectite particles. Therefore, although the partitioning of metals onto the oxide particles was determined by direct measurement, the metal concentration on the smectite partides was based on a difference calculation. It should be noted that the total dissolution of the bimessite by the NH2OH-HC1 treatment generated large amounts of solution Mn 2+. The presence of Mn 2+ in solution should have resulted in some exchange of the sorbed metal ions from the smectite, but the close agreement between the TEM and NH2OH-HC1 measurements of Co sorption suggested that exchange did not occur. It is possible that the 30-rain reaction time used in the chemical dissolution procedure was not long enough to allow for the Mn z+ to diffuse into the flocculated smectite particles and to exchange for the sorbed metal ions. The saturation of the oxide surfaces by Co, Cu, and Ni indicates that the sorption of these metals by birnessite was not inhibited by competition with montmorillonite. Inasmuch as the ratio of birnessite to montmorillonite provided equal sorption capacities for the two minerals, the differential partitioning of cations between the clay and oxide particles can not be attributed to differences in the sorption capacities of each mineral, but must have resulted from different metal ion-mineral bonding energies. These results suggest that heavy metal sorption by MnO2 involves a strong coordination of the sorbate with the oxide surface. Such coordination is consistent with Murray's (1975) suggestion that divalent cation sorption of MnOz involves an exchange for surface bound protons as shown below:
MnOH ~ + Me z+ = MnOMe + + H +, where the underlined species represent oxide surface sites. Where the sorbate is a heavy metal this reaction generally exhibits a molar metal-proton exchange stoichiometry of 1:1 (Murray, 1975; McKenzie, 1979; Traina and Doner, 1985) . In addition, large amounts of heavy metals have been shown to sorb onto MnO2 at the oxide's point of zero charge (pzc approximately equal to pH 2, Murray et al., 1968; Murray, 1974; McKenzie, 198 I; Oscarson et al., 1983) , implying that attractive forces other than coulombic interactions are responsible for sorption of these ions (Murray et al., 1968) . In contrast, alkaline earth cations are minimally sorbed at the pzc and exhibit a molar proton-metal exchange stoichiometry of 0.3, suggesting that coulombic forces play a greater role in the sorption of these ions (Murray, 1975) . Because Na sorption by MnO2 does not occur at the oxide's pzc (Murray et al., 1968) and Na sorption at pH 4.0 releases little H + (Loganathan and Buran, 1973) , the interaction of Na with birnessite is thought to be controlled almost entirely by coulombic forces.
Cation sorption by expanding aluminosilicates is considered to be primarily due to coulombic attraction of the metal ions by permanent, negative charges on the mineral structure. For this reason, cation sorption by montmorillonite should be strongly influenced by the concentrations of all cations present in solution.
The greater sorption of the metals by the birnessite particles was most likely due to the above-mentioned differences in the sorption mechanisms of clays and oxides. These differences resulted in differing degrees of competition between Na and the other metal ions for the available sorption sites on each mineral. The presence of 0.02 M Na provided strong competition for heavy metal sorption by the montmorillonite but had little effect on the sorption of these ions by birnessite. Thus Co, Cu, and Ni were strong/y attracted to the birnessite particles resulting in the marked fractionation of these metals onto the oxide. Because Ca interactions with birnessite and montmorillonite were largely controlled by coulombic forces, competition with Na mainly controlled Ca sorption by both minerals, resulting in a more even distribution of Ca between the two solid phases with Ca satisfying 48% of the sorption capacity of birnessite and montmorillonite.
Cation sorption by birnessite and smectite has been shown to increase with increased pH (Kinniburgh and Jackson, 1981) . Further study is needed to evaluate the differential partitioning of sorbed transition metal ions between these minerals at pHs >4.0; however, high concentrations of transition metals are typically associated with manganese oxides in marine sediments (Burns and Burns, 1979) . This association suggests that manganese oxides can compete with other minerals for the sorption of transition metals above pH 4.0.
CONCLUSIONS
These results indicate that energy dispersive X-ray analysis during electron microscopy can provide a direct measurement of the partitioning of sorbed cations onto specific mineral phases in mixed mineral systems. Inasmuch as a relatively high surface concentration of sorbate is needed for accurate X-ray detection, this analytical technique is most useful in the study of metal sorption to minerals with high surface charge densities, such as hydrous metal oxides.
In the mixed system of birnessite and montmorillonite, transition metals were sorbed mainly by the MnO2, whereas sorbed Ca was more prevalent on the montmorillonite. These results provide direct, conclusive evidence that manganese oxides will sorb metal ions in the presence of competing sorbents. Metal partitioning in this system can not be described by consideration of the relative sorption capacities of each individual mineral. Instead, consideration must be given to the sorption affinities for each cation-mineral pair.
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